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a  b  s  t  r  a  c  t
Some  monoclonal  antibodies  (mAbs)  are  reported  to display  concentration-dependent  reversible  self-
association  (RSA).  There  are  multiple  studies  that  investigate  the  effect  of  RSA  on  product  characteristics
such  as  viscosity,  opalescence,  phase  separation  and  aggregation.  This  work  investigates  the  effects  of
RSA on a bind-and-elute  mode  cation  exchange  chromatography  (CEX)  unit  operation.  We  report  a  case
study  in which  the  RSA  of  an  IgG2  (mAb  X)  resulted  in signiﬁcant  peak  splitting  during  salt  gradient
elution in  CEX.  Multiple  factors  including  resin  type,  load  challenge,  residence  time  and  gradient  slope
were  evaluated  and  demonstrated  little  effect  on the peak  splitting  of  mAb  X.  It was  determined  that
high  NaCl  concentrations  in  combination  with  high  protein  concentrations  induced  mAb X to  form  one
RSA  species  that  binds  more  strongly  to the  column,  resulting  in a large  second  elution  peak.  The ﬁnding
of  NaCl-induced  RSA  suggested  that lower  NaCl  elution  concentrations  and  different  types  of  salts  could
mitigate  RSA  and  thus  eliminate  peak  splitting.  Different  salts  were  tested,  showing  that chaotropic
salts  such  as  CaCl2 reduced  the  second  elution  peak  by inducing  less  RSA.  The  addition  of a  positively
charged  amino  acid (such  as 50 mM  histidine)  into  the  CEX  elution  buffer  resulted  in  elution  at lower  NaCl
concentrations  and  also  effectively  reduced  peak  splitting.  However,  experiments  that were  intended  to
reduce salt  concentration  by increasing  the  elution  buffer  pH  did  not  signiﬁcantly  mitigate  peak  splitting.
This  is  because  higher  pH  conditions  also  increase  RSA.  This work  identiﬁes  salt-induced  RSA as  the  cause
of peak  splitting  of a mAb  in  CEX  and  also  provides  solutions  to reduce  the  phenomenon.
©  2014  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Monoclonal antibodies (mAbs) have emerged as a rapidly grow-
ng class of therapeutic since the mid-1990s [1]. More than 20
odern antibody-based therapeutic agents have been approved
orldwide [2], and 500 additional products are currently in clinical
evelopment [1]. Although mAbs share certain structural similari-
ies, development of commercially viable mAb  pharmaceuticals is
ometimes complicated by their unpredictable solution behaviors
3,4]. For example, some mAbs display reversible or irreversible
elf-association behavior [5–16]. Reversible self-association (RSA)
s a unique solution property in which native, reversible oligomeric
pecies are formed as a result of non-covalent intermolecular
∗ Corresponding author. Tel.: +301 398 4845.
E-mail address: Liyu@Medimmune.com (Y. Li).
ttp://dx.doi.org/10.1016/j.chroma.2014.08.048
021-9673/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
interactions [5]. Due to the multiple-domain structure and highly
variable complementarity determining region (CDR) of mAbs, the
nature of mAb  RSA has been found to be often differing case-by-
case. For instance, different mAb  regions are responsible for the
RSA behavior of different mAbs: Kanai et al.  identiﬁed Fab–Fab
interaction as the primary source of self-association [6], Bethea
et al. implicated some exposed charge residues in the CDR [17] and
Nishi and coworkers highlighted the Fc domains [8]. Many studies
have showed that mAb  RSA is concentration-dependent: with no
or low propensity to form at low concentrations (<10 mg/mL), and
enhanced attractive intermolecular interactions at high concentra-
tions (>30 mg/mL), resulting in a high propensity to self-associate
and form more stable self-associative species [5,11–13]. RSA can
be related to viscosity [6,7,15,16], opalescence [9], phase separa-
tion [8] and aggregation [17]. Many studies focused on the impact
of RSA on high-concentration mAb  formulations, while the impact
on puriﬁcation chromatography receives little attention.
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Bind-and-elute mode cation exchange chromatography (CEX) is
idely used as mAb  puriﬁcation polishing step due to its ability to
emove product- and process-related impurities [14,18–20]. Pro-
ein biophysical properties can signiﬁcantly affect the binding and
luting behavior of a protein in CEX. For example, Voitl et al. [14]
bserved pure human serum albumin bound to the CEX column in
wo different binding conformations. Gillespie et al. [21] reported
hat resin surface-mediated denaturation of an unstable mAb  led to
wo distinct elution peaks during CEX chromatography. The strong
ation exchangers currently in use can easily provide a dynamic
inding capacity of >50 mg  mAb/mL resin to enable more cost-
fﬁcient production processes [18]. Protein–protein interactions
re strengthened at such high on-column protein concentrations
5], with the potential to induce RSA during CEX puriﬁcation; this
ay  lead to unexpected binding and eluting behaviors in CEX,
esulting in protein loss or other issues. This study reports the RSA
f an IgG2 (mAb X), which resulted in signiﬁcant elution peak split-
ing on a strong CEX chromatography during linear salt gradient
lution. In the elution step, NaCl in the elution buffer induced mAb
 to form a reversibly self-associative species that bound strongly
o the CEX column and was co-eluted with aggregates, resulting
n low product yield for the elution product at the desired purity.
ifferent factors were experimentally evaluated and the major fac-
ors affecting peak splitting and RSA were identiﬁed. As a result,
pproaches to mitigate RSA caused peak splitting in the CEX step
ere established.
. Materials and methods
.1. Chemicals, recombinant protein and cation exchanger resins
Buffers and cleaning solutions were prepared in house. All the
hemicals used in this study were obtained from J.T. Baker (Phillips-
urg, NJ, USA). mAb  X was expressed in Chinese hamster ovary
CHO) cells and produced by Medimmune (Gaithersburg, MD,  USA).
he mAb  X used in this study is a fully human IgG2 monoclonal
ntibody composed of two identical heavy chains and two identical
ight chains, with an overall molecular weight of 147 kDa. The light
nd heavy chains have Kyte–Doolitle hydropathicity index values at
0.447 and −0.348, respectively. It has 12 intra-chain and 6 inter-
hain disulﬁde bonds. The experimental pI (isoelectric point) is 8.3
s determined by cIEF (capillary isoelectric focusing). Unless noted
therwise, the protein feed material (the process material) was
uriﬁed by two puriﬁcation steps. The capture step was performed
n MabSelect SuRe (GE Healthcare, Piscataway, NJ, USA) protein A
fﬁnity chromatography media. The MabSelect SuRe elution pool
nderwent a titration to pH 3.6 followed by neutralization to pH 4.5
hen was further puriﬁed by a polishing CEX step. Capto SP ImpRes
esin was obtained from GE Healthcare sciences (GE Healthcare,
iscataway, NJ, USA); Fractogel EMD  SO3−(M)  and COO−(M)  resins
ere obtained from EMD  Biosciences (Gibbstown, NJ, USA); POROS
S50 resin was purchased from Applied Biosystems (Grand Island,
Y, USA).
.2. Chromatography instrumentation and operations
Laboratory-scale chromatography experiments were per-
ormed using a GE Healthcare ÄKTA Explorer 100 using Unicorn
oftware version 5.2 (GE Healthcare, Piscataway, NY, USA). CEX
esin was packed into 1.15 cm inner diameter (ID) Vantage columns
Millipore, Billerica, MA,  USA) to a bed height of approximately
2 cm and operated at a residence time of 5 min  for different
olumns and runs. The CEX columns were pre-equilibrated with 3
olumn volumes (CV) of 50 mM sodium acetate pH 4.5 (unless men-
ioned otherwise). The pH and conductivity of the column efﬂuent 1362 (2014) 186–193 187
were monitored through built-in ÄKTA probes to ensure that the
resin was  properly equilibrated. Before the puriﬁed CEX pools for
the ﬁrst and second peaks were re-puriﬁed, the materials were
buffer exchanged into 50 mM sodium acetate pH 4.5 prior to load-
ing. After loading, the column was  washed with 3 CV of 50 mM
sodium acetate, pH 4.5. In the experiments at pH 5.5 and pH 6.0
using a NaCl gradient elution, the column was washed with 3 CV
of 50 mM sodium acetate, pH 5.5 and 3 CV of 50 mM sodium phos-
phate pH 6.0, respectively. The protein bound on the column was
eluted over a 20 CV linear salt gradient from 0 to 500 mM sodium
chloride in 50 mM sodium acetate pH 4.5 unless mentioned oth-
erwise. The elution was fractionated in half-CV fractions based on
A280 collection criteria of ≥100 mAu. The absorbance of the pro-
tein was monitored at A280 by built-in ÄKTA probes. In-line pH and
conductivity were also monitored for all test runs. All runs were
carried out at room temperature (21–23 ◦C). Cleaning in-place was
conducted using 3 CV in-house solution (50 mM sodium acetate,
1 M sodium chloride, pH 5.0) followed by 1 N sodium hydroxide.
The columns were stored in 20% ethanol after each run. The pro-
tein concentration was  measured using a NanoDrop 2000 (Thermo
Fisher Scientiﬁc, Wilmington, DE. USA).
2.3. Analytical HPLC
Analytical size-exclusion chromatography (HPSEC) was per-
formed using a TSK-GEL G3000SWXL column obtained from Tosoh
Bioscience (King of Prussia, PA, USA) with an Agilent HPLC sys-
tem HP1200 from Agilent Technologies (Santa Clara, CA, USA). The
column was equilibrated at a ﬂow rate of 0.5 mL/min with 78 mM
sodium phosphate, 0.5 M sodium chloride, pH 7.4. All collected frac-
tions were injected and eluted isocratically with the same buffer.
The eluted protein was  monitored by UV absorbance at 280 nm.
Samples were 0.22 m ﬁltered and injected at a mass load of
0.25 mg.  All injected volumes were less than 0.7% of the column vol-
ume. Samples used to obtain the levels of reversible self-association
(RSA) were prepared in appropriate buffers at the desired protein
concentrations. These samples were injected at a ﬁxed volume of
20 l but within a max  load mass of 1 mg. The monomer, dimer,
aggregate and RSA percentage were estimated by integrating the
analytical chromatograms.
2.4. Dynamic light scattering (DLS) analysis
mAb X was buffer exchanged and prepared in the desired solu-
tion and concentration, then ﬁltered with a 0.2 m ﬁlter. Each
sample was  spun at 2000 rpm for 2 min  to remove any potential air
bubbles before DLS analysis. The hydrodynamic radius for mAb  X
was analyzed using a high-throughput 384-well plate DynaPro DLS
instrument (Wyatt Technology, Santa Barbara, CA, USA) equipped
with a 633 nm laser. The scattered light was  monitored at 173◦ to
the incident beam and autocorrelation functions were generated
using a digital autocorrelator. The autocorrelation data were ﬁtted
to cumulant analysis as the samples showed very low polydisper-
sity index (<0.1). The hydrodynamic radius was  calculated using
Stokes–Einstein equation [5].
3. Results and discussion
3.1. mAb X exhibited two large elution peaks on Capto SP ImpRes
during NaCl linear gradient elutionCapto SP ImpRes (strong CEX) was  used in the mAb  X puriﬁcation
process to remove high-molecular-weight (HMW)  aggregate and
recover monomer. HP-SEC analysis indicated that the feed mate-
rial had 90% monomer and 10% aggregate. The feed material was
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Fig. 1. mAb  X exhibited two large elution peaks during NaCl linear gradient elution
from Capto SP ImpRes chromatography. (A) Elution proﬁle of mAb  X over a 20 CV
linear elution gradient (0–500 mM NaCl). mAb  X was loaded at a load challenge
of  30 mg/mL  resin. The equilibration and elution buffer used 50 mM NaAc, pH 4.5,
as  the buffer system. The eluate was fractionated on a half column volume basis
after the elution began. Each fraction was analyzed by HP-SEC. The black solid line
represents the A280 trace. The circles and triangles represent the concentrations
of  monomers and aggregates, respectively. The monomer purities for the ﬁrst and
second peaks were 98.2 and 72.3%, respectively. The second peak contained 25%
of  the total monomer from the feed. (B) Re-puriﬁcation of the proteins collected
in  the ﬁrst and second peak proteins led to a similar elution proﬁle as the process
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Eaterial. The ﬁrst and second peak proteins were loaded at load challenges of 18
nd  11 mg/mL, respectively. Other conditions remained the same.oaded at 30 g/L resin and was eluted using a 0–500 mM NaCl lin-
ar gradient elution (LGE). Surprisingly, mAb  X exhibited two large
lution peaks (Fig. 1A, solid curve) rather than a main peak fol-
owed by a small one as expected. The eluate was collected into
able 1
ffects of salt species on RSA and the elution proﬁle.
Salt species RSA level in
150 mM cation (%)
Monomer amount in
the second peak (%)a
Potassium chloride 27.6 29.3 
Sodium sulfate 20.3 22.8 
Sodium chloride 24.4 24.8 
Sodium acetate 20.1 19.9 
Sodium citrate 19.0 18.2 
Arginine hydrochloride 11.8 10.7 
Calcium chloride 11.2 7.3 
Magnesium chloride 14.4 8.5 
a Monomers in the second peak was reported as the percentage of the monomers in th
b The salt concentration obtained at the max  height of the ﬁrst elution peak. 1362 (2014) 186–193
half column volume fractions. Each fraction was  analyzed to obtain
protein concentration and monomer purity. The ﬁrst elution peak
contained mainly monomers as expected, while the large second
eluting peak contained high portion of monomer (72%) (Fig. 1A,
circles). In the second elution peak, the monomer was eluted in
the early part; aggregates were eluted in the later part (Fig. 1A,
triangles) and only contributed to 28% of the second peak. Since
this unexpected large second elution peak included a large amount
of monomer, separation by peak cutting resulted in signiﬁcantly
lower yield for the product with the desired monomer purity.
These results led to a question as to whether the monomer
observed in the ﬁrst peak was different than that observed in
the second peak. If they are different species, re-puriﬁcation on
this column should result in different elution proﬁles. To test this
hypothesis, the ﬁrst and second peaks were separately pooled,
conditioned and re-puriﬁed by the same column using the same
conditions. Their elution proﬁles are shown in Fig. 1B. Interest-
ingly, the re-puriﬁcation of the proteins from the ﬁrst peak caused
re-distribution into two elution peaks (Fig. 1B, dash curve). Fur-
thermore, the re-puriﬁcation of the proteins from the second peak
in Fig. 1A also resulted in peak distribution (Fig. 1B, dash-dot
curve). Further re-puriﬁcation of these eluate fractions consistently
demonstrated similar two-elution-peak pattern (data not shown).
These results indicated that monomers in the ﬁrst and second elu-
tion peaks are the same species and the cause for the peak splitting
is likely reversible in nature.
3.2. mAb X exhibited reversible self-association (RSA) under the
elution condition
Dimitrova and Mody recently reported that this mAb  X dis-
played reversible self-association (RSA) under some formulation
conditions and the RSA could be detected by HP-SEC [22]. The
reversibility of the peak-splitting inspired us to investigate RSA as
a possible cause. The load challenge in Fig. 1A is 30 mg/mL; and
the local concentration of mAb  X is expected to be higher on the
Capto SP ImpRes column. To explore if mAb  X forms RSA under the
conditions experienced on the column, mAb  X was  prepared sep-
arately in equilibration buffer (50 mM NaAc, pH4.5) and in elution
buffer (50 mM NaAc, 500 mM NaCl, pH 4.5) at multiple protein con-
centrations (10, 20, 30, 40 and 50 mg/mL). These samples were then
analyzed by HP-SEC. In the equilibration buffer which does not con-
tain NaCl, the ﬁve samples yielded similar sizing proﬁles (Fig. 2A).
Similar percentages of monomers, dimers and high-molecular-
weight (HMW)  aggregates were observed for the ﬁve samples. In
the elution buffer containing 500 mM NaCl, mAb  X at 10 mg/ml
exhibited a similar sizing proﬁle. However, at concentrations above
20 mg/mL, a new peak appeared between the monomer peak and
the dimer peak (Fig. 2B). This new peak represents reversible self-
association (RSA) species of mAb  X [22]. Meanwhile, the size of the
new peak increased with protein concentration, suggesting that
Salt concentration for
eluting the ﬁrst peak
(mM)b
RSA level in salt concentration
for eluting the ﬁrst peak (%)
178 26.5
88 16.7
151 19.1
169 15.6
49 17.1
146 13.3
40 7.6
38 4.6
e load material.
H. Luo et al. / J. Chromatogr. A
Fig. 2. mAb  X exhibited reversible self-association (RSA) in the elution buffer. HP-
SEC  proﬁles of a range of mAb  X concentrations in the equilibration buffer (A) and
the elution buffer (B). (C) Hydrodynamic radii of mAb  X at different concentrations
in the equilibration buffer and the elution buffer. Hydrodynamic radius was cal-
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bulated using Stokes–Einstein equation based on dynamic light scattering analysis.
he  compositions of the equilibration and elution buffers were 50 mM NaAc, pH 4.5,
nd 50 mM NaAc, 500 mM NaCl, pH 4.5, respectively.
he RSA of mAb  X in the elution buffer is protein concentration-
ependent. This is similar to many other reported RSA observations
5,11–13]. Dynamic light scattering was also utilized to study asso-
iation behavior of mAb  X in the equilibration buffer and elution
uffer, respectively. As showed in Fig. 2C, mAb  exhibited greater
ydrodynamic radius in the elution buffer than in the equilibration
uffer; meanwhile, hydrodynamic radius of mAb  X also gradually 1362 (2014) 186–193 189
increased with protein concentration. These results clearly indicate
the presence of RSA in the elution buffer. Since the major difference
between the equilibration buffer and elution buffer is that the lat-
ter contains 500 mM NaCl, the RSA of mAb  X is induced by NaCl.
Therefore, mAb  X likely formed RSA during the elution step on the
column. RSA has been found to play a role in peak splitting in anion
exchange chromatography for several proteins such as apolipopro-
tein [19,23] and bovine serum albumin [24], and therefore, this
NaCl-induced RSA may  have resulted in the peak splitting of mAb
X on the Capto SP ImpRes column.
3.3. The role of elution salt species and a plausible mechanism
Different salt species are reported to affect self-association
behaviors of mAbs in solution [27–29]. Therefore, if the peak split-
ting of mAb  X in CEX is associated with formation of RSA, using
a salt that induces less RSA should mitigate peak splitting. To test
this hypothesis, the RSA levels of mAb  X in seven additional salts
(chosen from the Holfmeister series and included komostropes
and chaotropes) were tested and compared. We  noticed that the
monomer species eluted at 150 mM NaCl in Fig. 1A; thus for sim-
plicity the same concentration of 150 mM for the cation was used
for different salts in evaluating their effect on RSA. Compared to
the absence of salt, all tested salts induced RSA (Table 1), but dif-
ferent salts resulted in different levels of RSA. Chaotropic salts,
such as calcium chloride (CaCl2) and magnesium chloride (MgCl2),
led to less RSA. The seven salts were also used to elute mAb X on
Capto SP ImpRes and evaluated their effects on elution proﬁle. The
results indicated that salt species has a signiﬁcant impact on the
peak splitting of mAb  X. The results are summarized in Table 1
by reporting the level of monomer in the second elution peak. For
instance, potassium chloride (KCl) resulted in the greatest amount
of monomer in the second elution peak, while CaCl2 resulted in
the smallest amount of monomer in the second elution peak and
therefore the largest ﬁrst peak.
Interestingly, the impact of salt species on RSA formation and
peak splitting shared a similar trend. This trend is also consistent
with their order in the Holfmeister series, i.e. chaotropic salt results
in less RSA, as well as less monomer in the second elution peak. It
was noted that the concentration to trigger elution differed from
salt to salt. Therefore, the RSA levels under these appropriate salt
concentrations were also determined (Table 1) to better demon-
strate their correlation. A plotting of the RSA levels against second
peak sizes for different salts showed a positive linear correlation
(Fig. 3), i.e., the more RSA, the greater the second elution peak.
These results demonstrated the peak splitting observed above is
likely resulted from the formation of RSA species during elution
phase. A plausible explanation for the observations is: (1) the elu-
tion salt induces the formation of RSA species; (2) like aggregates,
the RSA species binds more strongly to the column than monomer
and remains bound on the column when monomer is eluted; (3) the
RSA species is eluted at a slightly higher salt concentration (likely
close to that of aggregate); (4) the new species dissociated into
monomer (due to dilution) in the mobile phase.
3.4. The role of elution pH
As discussed above, RSA was  induced by the presence of NaCl
in the elution buffer. Therefore, an elution condition that results in
the elution of bound proteins at a lower NaCl concentration should
mitigate RSA and thus reduce the size of the second elution peak.
One way to achieve this is eluting protein by pH gradient. A pH
gradient from pH 4.5 (50 mM sodium acetate) to pH 8.0 (50 mM
sodium phosphate) was  tested. However, this pH gradient elu-
tion also resulted in signiﬁcant peak splitting (three elution peaks,
Fig. 4A). The ﬁrst and second peaks mainly contained monomer, 100
190 H. Luo et al. / J. Chromatogr. A 1362 (2014) 186–193
Fig. 3. Amount of monomer in the second elution peak plotted against the level
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Fig. 4. Neither pH gradient elution nor NaCl gradient elution from Capto SP ImpRes
chromatography at higher pH reduced the second elution peak because increasing
pH  increased mAb  X RSA. (A) Elution proﬁle of mAb X for pH linear gradient elution.
The  pH gradient was achieved by mixing 50 mM NaAc, pH 4.5 and 50 mM sodium
phosphate, pH 8.0. The monomer purities for the ﬁrst, second and third peaks were
100, 98.3 and 23.5%, respectively. (B) Elution proﬁle of mAb  X by NaCl linear gradient
elution at pH 4.5, 5.5 and 6.0. The buffers consisted of 50 mM NaAc pH for pH 4.5 and
5.5, and 50 mM sodium phosphate for pH 6.0. The NaCl gradient extended from 0 to
500  mM NaCl over 20 column volumes and other elution conditions remained the
same. Monomer purities for the elution peaks: pH 6.0, 98.3% (ﬁrst peak), 90.8% (sec-
ond peak) and 32.1% (third peak); pH 5.5, 97.5% (ﬁrst peak), 82.7% (second peak) and
61.2% (third peak); pH 4.5, 98.2% (ﬁrst peak) and 72.3% (second peak). (C) The effects
of  pH and NaCl on RSA. All samples were prepared at 50 mg/mL in the correspondingf  RSA in the corresponding elution buffers show direct correlation. The monomer
mount was  expressed as a percentage of the total monomer in the load. The RSA
evels were obtained by integrating the HP-SEC curves. See more details in Table 1.
nd 98%, respectively. The tiny third eluting peak mainly contained
MW aggregates. Another way of reducing elution NaCl concen-
ration is NaCl gradient elution at a higher pH (such as pH 5.5 and
H 6.0, respectively, Fig. 4B). As expected, at the higher elution pH
evels, mAb  X monomer was eluted at lower salt concentrations.
owever, the peak splitting was still severe by giving three elution
eaks. Although the aggregate peak was smaller, a new shoul-
er peak that mainly contained monomer appeared after the ﬁrst
lution peak. While these conditions resulted in lower salt concen-
rations needed for the occurrence of protein elution, peak splitting
as not mitigated. One possibility is that pH also affects RSA forma-
ion. mAb  X RSA at different pH levels with or without NaCl (Fig. 4C)
howed the mAb  X RSA is pH-dependent. At pH levels close to its pI,
Ab X is less positively charged and thus inter-molecular electro-
tatic repulsion is weaker. The results that mAb  X tended to form
ore RSA at pHs closer to its pI explained why either the pH gra-
ient elution or the salt gradient elution at higher pH were not
ffective to mitigate peak splitting.
.5. The role of mobile-phase modiﬁer
Aside from higher pH for elution, the addition of a positively
harged amino acid (as mobile phase modiﬁer) into the elution
uffer should enable protein elution at lower NaCl concentration
y modifying protein–CEX interactions [30]. Therefore, we carried
ut several Capto SP ImpRes runs with 50 mM arginine, histidine
r lysine as additives in the buffers (maintaining a constant buffer
H). NaCl was used as the elution salt. As shown in Fig. 5A, the
resence of these amino acids resulted in protein elution at lower
aCl concentrations and also reduced the second elution peak,
ompared to the runs without additive. The magnitude of these
ffects ranked as follows: His > Lys > Arg. We  tested whether these
mino acids exerted their effects by inhibiting RSA as previously
eported in literature [31,32]. Fig. 5B showed that His, Lys or Arg
lone could not effectively inhibit RSA of mAb  X at 50 mM concen-
ration. As expected, lower RSA levels were observed in the elution
onditions with amino acid (Fig. 5C) mainly because the elution
ccurred at lower NaCl concentrations. The effects of these amino
cids on reducing peak splitting were concentration-dependent.
onomer/aggregate separation ability of Capto SP ImpRes was  not
igniﬁcantly affected when the concentration is below 100 mM.
istidine exhibited the greatest effect on reducing peak splitting
mong these amino acids at a concentration of 50 mM.  Histidine is
solutions.
H. Luo et al. / J. Chromatogr. A 1362 (2014) 186–193 191
Fig. 5. Addition of positively charged amino acids as mobile-phase modiﬁers
enables elution at lower NaCl concentration with a lower level of RSA. (A) The elu-
tion proﬁle of mAb  X on Capto SP ImpRes by NaCl LGE with or without mobile-phase
modiﬁers. All the elution conditions were buffered with 50 mM NaAc, pH 4.5. The
LGE  was  from 0 to 500 mM NaCl over 20 CV. Monomer purity for each peak: no
modiﬁer, 98.2% (ﬁrst peak) and 72.3% (second peak); Arg, 97.6% (ﬁrst peak), 64.1%
(second peak); Lys, 96.4% (ﬁrst peak), 53.9% (second peak); His, 95.3% (ﬁrst peak),
44.0% (second peak). (B) RSA levels of mAb X with or without modiﬁer in 50 mM
NaAc, 150 mM NaCl, pH 4.5. Arg, Lys and His did not inhibit RSA formation. (C) RSA
levels of mAb  X under the elution conditions. In (B) and (C), mAb  X was  prepared
at  50 mg/mL in the corresponding solutions. The RSA levels were obtained by HP-
SEC.  Decreasing the NaCl concentration necessary for protein elution was  the key to
these modiﬁers’ reduction of RSA.
Fig. 6. Elution proﬁles of mAb X from different CEX columns. All tests were car-
ried  out under the same conditions: a 3 CV equilibration of 50 mM NaAc, pH 4.5;
30 mg/mL  as the load mass; a 3 CV wash of 50 mM NaAc, pH 4.5; elution with a 20
CV 0–500 mM NaCl LGE in 50 mM NaAc, pH 4.5. The monomer purity for each peak:
Fractogel SO3−(M), 97.5% (ﬁrst peak) and 55.7% (second peak); Poros HS50, 96.9%
(ﬁrst  peak) and 63.7% (second peak); Capto SP ImpRes, 98.2% (ﬁrst peak) and 72.3%
(second peak); Fractogel COO−(M), 90.3%.
used as an excipient in many protein formulations due to its stabi-
lizing effects [33], making histidine a good candidate for mitigating
RSA-induced peak splitting on CEX.
3.6. The role of CEX resin type
These results demonstrated that the peak splitting of mAb  X
on Capto SP ImpRes is associated with it RSA behavior. To evalu-
ate if CEX resin-type affects mAb  X’s peak splitting, two additional
strong cation exchangers (Fractogel SO3−(M)  and Poros HS50) and
a weak cation exchanger (Fractogel COO−(M)) were tested using
similar conditions. As shown in Fig. 6, mAb  X also exhibited peak
splitting on Fractogel SO3−(M)  and Poros HS50, and the two  sec-
ond peaks contained large amounts of monomer. MAb  X was eluted
at a slightly lower NaCl from Fractogel SO3−(M)  and Poros HS50,
resulting in slightly smaller second elution peaks, consistent with
our ﬁndings above. On Fractogel COO−(M), mAb X exhibited an
extremely broad peak, which was due to RSA of mAb  X. Therefore,
RSA of mAb X signiﬁcantly affected its elution behavior not only
on strong cation exchangers, but also on weak cation exchangers.
While screening of CEX resins for mAb  X puriﬁcation may  be helpful
for other puriﬁcation needs, it did not offer any effective solutions
to the peak splitting issue.
3.7. The role of load challenge
As RSA depends on protein concentration, lower load challenges
should reduce the second elution peak. Lower load challenges were
tested and the results showed load challenge had no signiﬁcant
impact on the peak splitting (Fig. 7A). The proﬁle of two elution
peaks remained similar for load challenges as low as 3.3 mg/mL
resin. Therefore, using lower load challenge does not mitigate
the peak splitting of mAb  X on Capto SP ImpRes. One  explana-
tion is that mAb  X did not equally distribute on the column. The
resins in the upper layer of the column absorbed more proteins
until they are saturated than the resins in the bottom layer. Since
the loading condition is the same, the local mAb  X concentra-
tions on the column are likely similar under these tested load
challenges.
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Fig. 7. Evaluation of the effects of load challenge (A), residence time (B) and gradient
steepness (C) on elution proﬁle in Capto SP ImpRes. All tests used the same load
material and solutions: 50 mM NaAc, pH 4.5, for equilibration and wash; 50 mM
N
r
ﬂ
3
w
s
t
caAc, 500 mM NaCl, pH 4.5, as the 100% B solution for LGE. Different load challenges,
esidence time and gradient steepness were achieved by altering injection volume,
ow rate and linear gradient elution length, respectively.
.8. The role of residence time
To test whether residence time has an effect, the residence time
as extended from 5 min  to 25 min  for the loading and elution
teps, respectively. As shown in Fig. 7B, extending the residence
ime of the loading step to 25 min  did not have a signiﬁcant effect. In
ontrast, extending the residence time of the elution step to 25 min 1362 (2014) 186–193
lead to a slightly larger second elution peak. Therefore, residence
time during elution has some impact and should be controlled as
needed.
3.9. The role of elution gradient steepness
The effects of the gradient slope were also evaluated by com-
paring 20 CV and 40 CV NaCl linear gradient elutions (the residence
time remained as 5 min). As shown in Fig. 7C, these two gradients
led to similar peak distribution, demonstrating that the elution gra-
dient steepness had no signiﬁcant effect on the peak splitting of
mAb X.
4. Conclusion
This study reports the peak splitting for an IgG2 (mAb X) in CEX
is due to RSA induced by NaCl contained in the elution buffer. The
RSA formation of mAb  X was  proportional to the NaCl concentra-
tion with higher NaCl resulting in more RSA. This makes the RSA of
mAb  X novel in its type because most reports indicate that mAb
RSA is suppressed by high NaCl concentration [6,11,25,26]. Our
hypothesis for the observations of mAb  X on Capto SP ImpRes is
that NaCl in the elution buffer induces the formation of reversibly
self-associated species; the RSA species binds more strongly to
the CEX column, resulting in the large second elution peak; after
being eluted, the reversibly self-associated species dissociate into
monomers possibly due to dilution in the mobile phase.
We investigated the effects of a variety of experimental condi-
tions on the peak splitting behavior of mAb  X. Salt species has a
signiﬁcant effect on the peak splitting on CEX of mAb X as well as
on RSA formation. Chaotropes such as CaCl2 resulted in smaller sec-
ond elution peaks by inducing less RSA. Because mAb  X exhibited
more RSA at higher pH, pH gradient elution or salt gradient elution
at higher pH did not mitigate peak splitting. The addition of posi-
tively charged amino acids into CEX buffers led to elution at lower
salt concentration and resulted in smaller second peaks. The mod-
iﬁers by themselves did not signiﬁcantly inhibit RSA at the tested
concentration in solution. Instead, their major contribution was
likely through modiﬁcation of protein–CEX resin interactions, shif-
ting protein elution to lower NaCl concentration which resulted in
less RSA upon elution. Among the amino acids tested here, histidine
showed the greatest effect. Histidine is also used as an excipient
in many protein formulations due to its protein stabilizing effects,
making it a good candidate for the mitigation of peak splitting on
CEX. Furthermore, the RSA of mAb  X not only resulted in peak split-
ting on Capto SP ImpRes, but also on other strong cation exchangers
such as Fractogel SO3−(M)  and Poros HS50. The RSA of mAB  X led
to an extremely broad elution peak on the weak cation exchangers
Fractogel COO−(M). Therefore, screening different CEX resins for
mAb X puriﬁcation may  not be a good solution for this problem.
Residence time, load challenge and gradient slope did not have any
signiﬁcant effect.
Those RSA behaviors that are suppressed by salt are believed
to be driven by electrostatic attractions [6,11,25,26]. In con-
trast, based on our results, the salt-induced RSA of mAb X is
likely driven by hydrophobic interactions although a convinc-
ing argument and mechanistic understanding would need further
investigation. A characterization study for mAb  X indicates that
mAb  X has high surface hydrophobicity that likely plays a role
in its RSA behavior (unpublished results) [34]. A mAb  exhibiting
hydrophobic-interaction-driven RSA behaviors can have abnormal
CEX elution proﬁle complicating its process development. Our work
sheds light on understanding the impacts of RSA on elution behav-
iors during CEX chromatography and provides solutions to reduce
the negative impact. Furthermore, the ideas identiﬁed here to
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